9 1 1 B r i e f c o m m u n i c at i o n s
Whether melanocortin 4 receptors (MC4Rs) in extra-hypothalamic neurons, including cholinergic autonomic pre-ganglionic neurons, are required to control energy and glucose homeostasis is unclear. We found that MC4Rs in sympathetic, but not parasympathetic, pre-ganglionic neurons were required to regulate energy expenditure and body weight, including thermogenic responses to diet and cold exposure and 'beiging' of white adipose tissue. Deletion of Mc4r genes in both sympathetic and parasympathetic cholinergic neurons impaired glucose homeostasis. Fig. 3a-c) . Intraperitoneal glucose tolerance tests revealed exaggerated glucose excursions and augmented plasma insulin responses in both groups, suggesting insulin resistance ( Supplementary Fig. 3d-g) . Using hyperinsulinemiceuglycemic clamps ( Supplementary Fig. 3h-k) , we confirmed this defect based on lower exogenous glucose infusion rates (GIRs) ( Fig. 2d,e ). Combined impairments in insulin-mediated suppression of endogenous glucose production (R a ) and stimulation of glucose disposal (R d ) were the causes of lower GIR in Mc4r loxP/loxP ; Chat-cre mice ( Fig. 2f) . Defects in intrascapular BAT (iBAT), inguinal WAT (iWAT) and skeletal muscle (gastrocnemius and soleus) glucose uptake contributed to reduced R d in Mc4r loxP/loxP ; Chat-cre mice ( Fig. 2g) . Impaired insulinstimulated suppression of R a was the sole contributor to reduced GIR in Mc4r loxP/loxP ; Phox2b-cre mice (Fig. 2h) . These data indicate that Mc4r loxP/loxP ; Chat-cre mice exhibit gluco-regulatory defects, including hyperglycemia, hyperinsulinemia, hepatic insulin resistance and hyperglucagonemia, that are, in many respects, similar to those of Mc4r null mice. Mc4r loxP/loxP ; Phox2b-cre mice exhibited modest insulin resistance, but not overt hyperglycemia, likely as a result of hyperinsulinemia.
We next challenged energy homeostasis in both Mc4r loxP/loxP ; Chat-cre and Mc4r loxP/loxP ; Phox2b-cre cohorts using high-fat/high-sucrose (HFHS) diet-induced obesity. Whole-body MC4R-deficient mice are more sensitive to diet-induced obesity 6, 7, 13 . Time course analyses in Mc4r loxP/loxP ; Chat-cre mice revealed that HFHS diet accelerated weight gain, resulting in obesity that was nearly comparable to Mc4r null littermates ( Fig. 3a) . Results from a metabolic cage procedure similar to that of prior work 6 in which HFHS diet is introduced to naive, young (to minimize differences in body weight) chow-fed adult mice revealed that both hyperphagia and failure to fully increase EE likely underlie obesity in Mc4r loxP/loxP ; Chat-cre mice (Fig. 3b,c) . These responses were similar to those of Mc4r null littermates (Fig. 3b,c) , which are the predicted responses on the basis of prior work in other MC4Rdeficient mice fed an obesigenic diet 6, 7, 13 . Consistent with data from chow-fed Mc4r loxP/loxP ; Phox2b-cre mice ( Supplementary Fig. 2a ), HFHS diet did not alter long-term body weight control in Mc4r loxP/loxP ; Phox2b-cre mice or energy balance based on acute responses in metabolic cages (Supplementary Fig. 4a-c) . Together, these data indicate that loss of extra-hypothalamic MC4Rs in cholinergic neurons, including sympathetic pre-ganglionic neurons, regulates diet-induced thermogenesis in the context of an obesigenic diet.
MC4R-expressing neurons may also regulate iBAT, which is potently regulated by the sympathetic nervous system and is a key component of adaptive thermogenesis [6] [7] [8] [9] . Expression of transcripts associated with heat production, fatty acid oxidation and mitochondrial functions were Fig. 4d ). This was not the case in HFHS-fed Mc4r loxP/loxP ; Phox2b-cre mice (Supplementary Fig. 4e ). We used remote biotelemetry probes to assess body temperature at 23 °C and in response to cold (5 d at 6 °C). Basal body temperature was not reduced in Mc4r loxP/loxP ; Chat-cre (Fig. 3d) . However, Mc4r loxP/loxP ; Chat-cre mice were unable to engage adaptive thermogenesis, and body temperature in cold-exposed Mc4r loxP/loxP ; Chat-cre mice declined rapidly to Mc4r null values within 4 h (Fig. 3d) . Analyses of iBAT histology and uncoupling protein 1 (UCP1) protein content after 120 h at 6 °C further confirmed the observed impaired thermogenic responses in Mc4r loxP/loxP ; Chat-cre mice, which were on par with defects in Mc4r null littermates (Supplementary Figs. 5a,b and 6) . In addition, iWAT in cold-exposed Mc4r loxP/loxP ; Chat-cre mice failed to show evidence of 'beiging' based on gene expression ( Supplementary Fig. 5c ) or histology for UCP1 ( Supplementary Fig. 5d ).
Thus, selective loss of MC4R in the sympathetic pre-ganglionic neurons deleteriously and independently affects both processes, whereas deletion in the vagal motor neurons results in hyperinsulinemia and modest insulin resistance. MC4Rs in sympathetic pre-ganglionic neurons are required for diet-and cold-induced thermogenesis in iBAT and 'beiging' of iWAT. Functional iBAT in adult humans [14] [15] [16] [17] [18] and the ability of WAT 19, 20 to exhibit thermogenic properties characteristic of BAT have recently been shown. However, our data cannot prove that defects in iBAT and/or the ability to 'beige' iWAT contribute to low EE and/or hyperglycemia in mice lacking MC4Rs in sympathetic pre-ganglionic neurons. Nonetheless, sympathetic nervous system-mediated mechanisms regulate an array of tissues, including the pancreas, liver, BAT and WAT. In contrast, MC4R-mediated control via the DMV appears to be restricted to pancreatic beta cells and circulating insulin. Outlining these functional connections may help develop more selective strategies to target MC4Rs or related pathways. Caution is warranted, however, as this approach could cause sympathetic nervous system side effects.
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Methods and any associated references are available in the online version of the paper.
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